Introduction
Whole body vibration (WBV) is a non-pharmaceutical therapy that has been investigated in a wide range of contexts, including gait and balance 1 , lower extremity strength training 2 , knee osteoarthritis 3 , and fracture healing 4 . Perhaps the greatest area of interest for WBV is its potential influence on bone strength, considering the possibility that it might be used for osteoporosis prophylaxis in at-risk populations. It is possible that stimulation from low-level vibration is low enough to avoid bone damage, but large enough to stimulate bone formation 5 . This is a notion that has been investigated by a number of researchers to date. Tankasheva et al and Liphardt et al found no improvement in bone mineral density (BMD) or bone quality in postmenopausal women subjected to WBV for 6 months and 12 months respectively 6, 7 . Similarly, Von Stengel et al found that WBV did not improve lumbar BMD compared to control, but did decrease fall risk 8 . Verschueren et al, on the other hand, found significant increases in hip BMD in postmenopausal women exposed to six months of WBV 9 .
Oxlund et al showed that WBV over 90 days at 45 Hz could inhibit the decline in bending stress and compressive stress induced by ovariectomy in adult female rats 10 . Rubinacci et al found 30 Hz vibration at 0.6 and 3 g had anabolic effects on the cortical bone of ovariectomized rats, with the greatest effect occurring at 3 g 11 . When studying amplitudes ranging from 0 to 1.0 g at 46 Hz, Christiansen et al found a nondose-dependent increase in trabecular bone volume at the proximal tibial metaphysis 12 . Wenger et al studied WBV at 32 Hz, and found 1.5 g to have the greatest anabolic effect based on serologic markers, and 0.5 g to have the greatest effect based on bone density 13 . These existing works shed a great deal of light on some of the potential effects of WBV, but there are some important considerations that have yet to be addressed. First, the bulk of these studies have focused on BMD as studied by computed tomography. It is established that BMD is a marker for quantity of bone tissue, as opposed to quality 14 and moreover that there is a variable relationship between BMD and bone strength. The present work makes use of both BMD and strength testing at several sites throughout the femur in order to more completely and directly study the effects of this therapy on mechanical properties of bone.
The mechanism by which vibration may influence bone properties is another aspect that remains unclear in the literature. While ordinary markers of osteoblastic and osteoclastic activities (e.g. bone specific alkaline phosphatase and tartrate-resistant acid phosphatase-5b) could be measured, the potential for vibration to influence prostaglandin E2 (PGE 2 ) production as its mechanism of altering bone properties is an intriguing one in that past work has shown exogenous PGE 2 to increase bone strength and mineral density in rat models by increasing bone formation over bone resorption 15 . Past studies with cultured osteoblast have shown an increase in the inducible enzyme responsible for PGE 2 production, COX-2, with vibration exposure 16 and in vivo studies of whole body vibration at lower frequencies have shown increased serum levels of PGE 2 17 . As a result, we decided to measure plasma PGE 2 levels as a preliminary investigation into this possible mechanism by which vibration might influence bone properties.
Another aspect that has been addressed in a more limited manner in the literature is the effect of vibration on cartilage 18 , While some work has suggested positive effects of vibration to cartilage in humans 16 other work has suggested a potential to enhance degenerative effects 20 or no effect 21 in vivo in mouse models.
A common limitation of the existing therapeutic vibration literature is that there is a very wide range of settings available across the current devices on the market, perhaps because of the wide variety of potential applications for WBV therapy, as discussed above. Devices that are commercially available include magnitudes of vibration ranging from 0.1 g to 18.01 g, and frequencies ranging from 30 to 60 Hz 22 . However, the literature reviews reflect uncertainty about the optimal settings or populations for the application of this therapy [23] [24] [25] . The objective of this study was to evaluate the bone strength and bone density at different skeletal regions of the femur in adult female rats exposed to a range of WBV amplitudes (0, 0.15, 0.3, 0.6, or 1.2 g-pk) at 45 Hz. Our hypothesis was that an optimal amplitude for WBV would be apparent, and that this exposure would result in increased bone strength and increased BMD. A secondary objective was to evaluate the effect of vibration amplitude on plasma PGE 2 levels, cartilage thickness and cartilage histopathology scores on a subset of groups that spanned the vibration amplitudes studied. Our hypothesis was that plasma PGE 2 levels and cartilage thickness would be increased with vibration exposure and cartilage histopathology scores would remain unchanged. In contrast to much of the literature we did not use an ovariectomized animal model in our study but used a non-ovariectomized rat model instead so the findings would be applicable to the growing emphasis on developing interventions for maximizing bone mineral density prior to menopause 26 .
Materials and methods

Animal protocol
This study consisted of 80 adult female retired-breeder Sprague-Dawley rats (mean age 24 weeks), approved for use by the UNC IACUC. Rats were caged in pairs and given ad libitum access to food and water with a 12-hr light/dark cycle (7am-7pm) throughout the study. The animals were divided into five groups of sixteen animals each with matched mean weights. Each group was assigned to a treatment amplitude of 0, 0.15, 0.3, 0.6, or 1.2 g (peak) of sinusoidal vertical vibration at 45 Hz, administered using an electromagnetic shaker platform driven by a function generator in series with a power amplifier, as previously described 27 . This treatment was administered 15 minutes per day, five days per week, for five weeks. Control animals were moved onto the shaker platform but not vibrated. As part of another study, a titanium alloy osseointegration pin was implanted transversely in the proximal tibial metaphysis bilaterally on all animals. The osseointegration study drove the decision to use 45 Hz and a timeframe of five weeks because these parameters have been shown to be effective at that setting 28 . Vibration treatments began one week after the implantation surgery. Radiographs were acquired 7 to 14 days after surgery to identify and eliminate from this dataset any animals that suffered fractures due to the pin implantation surgery. The animals were sacrificed at the end of the treatment period. Femurs were isolated, moistened with saline, wrapped in gauze, and frozen at -20°C, until mechanical testing.
Femoral densitometry
Densitometric measurements were conducted on a Hologic QDR Discovery A DXA machine, using the Small AnimalRegional High Resolution mode. As per the manufacturer's instructions for this mode, the bones were scanned in a thin, flat-bottomed plastic container, submerged to a 25 mm depth in a saline solution. BMD was calculated for manuallypositioned regions of interest (ROIs), modeled after those used previously in vitro 29 and included: the "Global" BMD, the entire proximal femur down to the lesser trochanter, and a 4.6 mm-long section of the midshaft.
Mechanical indentation of distal femoral cancellous bone
A 4-mm-long coronal section of the distal femoral metaphysis was cut 0.5 mm proximal to the femoral condyle with a low-speed saw (Isomet, Buehler Ltd., Lake Bluff, IL) under constant irrigation. A 1.6-mm-diameter cylindrical indenter with a flat testing face was slowly advanced to the center of the distal face of the section. The indenter was advanced to a depth of 2 mm into the cancellous bone at a constant displacement rate of 0.1 mm/sec, as described 15 .
The maximum load and stiffness were obtained from the load-displacement curve.
Three-point bending of femoral shaft
A three-point bending test was used to determine the mechanical properties of the femoral midshaft in an anteriorposterior direction. The femurs were subjected to threepoint bending to failure at a displacement rate of 0.1 mm/ sec, as described 15 . The maximum load was calculated from the load-displacement curve.
Cantilever bending of femoral neck
A cantilever bending test was used to determine the mechanical properties of the femoral neck. The proximal portion of the femur, separated from the rest of the femur before the three-point bending test, was secured in a chuck fixed to the lower platen of the materials testing system as described 30 . A flat-faced stud was lowered onto the head of the femur, in a direction parallel to the axis of the femoral shaft. The stud was advanced with a constant displacement rate of 0.1 mm/sec 15 . The maximum load was calculated from the load-displacement curve.
Plasma analysis of prostaglandin E2 metabolite levels
Blood was sampled by intra-cardiac collection at the time of euthanasia and injected into EDTA treated vacutainer tubes. 10uM indomethacin was added to each tube to prevent ex vivo Table 1 . Bone mineral density (BMD) in femora of rats that underwent 5 weeks of vibration (Mean ± SD). There were no statistically significant differences between the regions of interest: The global region (Global), the entire proximal femur down to the lesser trochanter (Proximal), and a 4.6 mm-long section of the midshaft (Shaft). 
Region of Interest
Cartilage thickness measurement
Histological sections for cartilage assessments came from a subset of animals (n=6/group) with no surgical complications from the 0, 0.15, and 1.2 g groups. Femurs were fixed in 10% NBF for 48 hrs and decalcified in Immunocal over two weeks. Two coronal plane sections were taken through the anterior half of the left knee through the weight-bearing region of the medial condyle. Sections were 5 µm thick and 100 µm apart. Sections were stained with toluidine blue, scanned with the Aperio ScanScope XT, and viewed using Aperio Imagescope software.
In an effort to capture what was anticipated to be a small difference in mean thickness between treatment groups, an ImageJ image processing routine was developed to capture the cartilage area while eliminating most artifacts, chondrocytes, and lacunae ( Figure 1) . In order to standardize measurements, the images were cropped to a 1.32-mm articular surface length (the width of the weightbearing area of the smallest femur). The cartilage area of the image was measured and divided by the articular surface length to calculate the mean thickness of this segment of articular cartilage.
Assessment of cartilage histopathology
The Osteoarthritis Research Society International (OARSI) cartilage histopathology assessment system was used. This assessment system is based on six grades, reflecting depth of the lesion and four stages reflecting extent of OA over the joint surface. The scoring system ranges from worst (score 24, deformation over 50% of area) to best (score 0, intact cartilage with OA activity over 0% of area) 31 . It was applied to detect small differences in cartilage health from one treatment group to another. The same grader blindly assessed all sections. Within an animal, two section scores were collected and averaged.
Statistical analysis
Group differences were evaluated by one-way analysis of variance followed by Dunnet's mean comparison testing using statistical software (Sigmaplot, Systat Software Inc., San Jose, CA). Data were subjected to log10 transformation in some instances in order to pass the equality of variance test. (Figure 2 , Table 1 ). The max load of indentation of the cancellous bone did not differ statistically between treatment groups (Figure 3 ) despite the max load of the 0.6 and 1.2 g groups being twice that of the control. A regression analysis of max load of indentation versus vibration amplitude revealed a significant positive correlation (R=0.277, P=0.025). Corresponding with the max load indentation data, the mean indentation stiffness of the 0.6 and 1.2 g vibration groups was found to be twice that of the control group (P=0.039, Figure 3 ). Three-point bending strength of the femoral shaft did not differ significantly between individual treatment groups ( Figure 4 ). Structural strength of the femoral neck under cantilever bending did not differ significantly between treatment groups (Figure 4) . PGE 2 metabolite levels increased with increasing levels of vibration ( Figure 5 ). PGE 2 metabolite levels were significantly greater (P=0.01) for the 1.2 g group (46.83 ± 12.40 pg/mL) as compared to the control group (27.65 ± 3.47 pg/mL). The 0.15 g group (35.58 ± 8.57 pg/mL) was not found to differ from either the control or 1.2 g group. Mean cartilage thickness was not found to differ between the two vibration levels (0.15 and 1.2 g) and the control group ( Figure 6 ). The OARSI histopathology scores were first compared using a Kruskal-Wallis one way ANOVA on ranks. For these data, H=0.0902 with 2 degrees of freedom (P=0.956); there was no statistical difference between these groups (Table 2 ). Several animals were excluded from analysis. Three animals had a complete tibial fracture during the osseoimplantation surgery for the related study. Twelve other animals had smaller fractures and were also excluded. Two animals had hematomas. One was unwilling to bear weight on the operated limb. These animals were excluded, leaving the final sample size at n=14 for controls and 0.15, n=13 for 0.3 g, n=15 for 0.6 g, and n=16 for 1.2 g.
Results
BMD did not differ at any region of interest between treatment groups
Discussion
In this study, we investigated how WBV at a frequency of 45 Hz delivered for 15 minutes per day, five days per week, over five weeks influences bone strength, BMD, and cartilage properties in several regions of the femur of the adult female rat. This work represents an effort to identify the optimal amplitude of vibration for improving bone strength and density with this evolving therapy, which is commercially available, but not fully understood or optimized.
We hypothesized that there would be an optimal amplitude for this therapy, and that there might exist some kind of dose-response relationship between amplitude and bone changes with unproductive effects occurring at excessively large amplitudes. We hypothesized that changes would be seen throughout the bone and would be measurable via BMD and bone mechanical properties. Our data demonstrates that WBV over a 5-week period causes a doubling in the distal femur cancellous bone strength and stiffness over a range (0.6-1.2 g) of acceleration amplitudes as measured by indentation. Moreover, our data demonstrate a significant increase in PGE 2 metabolite levels in vibrated animals, with a maximum of a 70% increase in levels between the 1.2 g and control. In contrast, vibration did not influence femoral densitometry, cantilever bending strength of the femoral neck, or 3-point bending strength of the femoral shaft. While there was no definitive optimal amplitude for any of the parameters that were evaluated an optimal amplitude could exist for other vibration waveforms, daily regimens, or for vibration amplitudes higher than what were applied in this study.
These data suggest that the benefits of vibration therapy over the described time frame are confined to cancellous bone. While cancellous bone is present at the femoral neck, in the moderately aged animals of the current study the cortex remains thick and provides the greatest contribution to strength and that may be the reason no enhancement in strength was observed for the cantilever bending evaluation of the femoral neck. Changes in bone morphology due to the biomechanical stimulation of vibration are compatible with Wolff's law. While Wolf's law is often associated with mechanical strains present in bone, the mechanical strains induced by vibration have been found to be at a low level 41 . As speculated by others 42 it may be that inertial loading of the cell and its nucleus could be the basis of the biomechanical stimulation for vibration. The isolation of these changes to cancellous bone for our short-timeline study is logical when considering that bone remodeling is more rapid in cancellous bone than in cortical bone 32 . A longer treatment timeline might capture changes in the cortical bone, studied here via three-point bending and cantilever bending of the femoral neck.
The lack of changes in BMD is consistent with the variable response of BMD to vibration in other studies, with Liphardt most notably finding no change in BMD in a 12-month study of osteopenic postmenopausal women exposed to WBV for 10 minutes daily 6, 9, [33] [34] [35] . A larger study, or one using a more homogeneous sample of rats may well capture a small change in BMD. Likewise, a longer study might produce larger changes that could be more readily detected.
The finding of changes in PGE 2 metabolite levels with increasing vibration is significant. Jee et al have described how PGE 2 impacts both bone resorption and formation, but favors formation, resulting in increased bone mass 36 . Yang et al found exogeneous intraosseous PGE 2 had a dosedependent effect of increasing metaphyseal trabecular bone volume. Ke has correlated those changes with an increase in bone strength 15 . Furthermore, past work has shown that COX-2, the inducible enzyme responsible for PGE 2 production, mediates mechanical-induced bone formation in vivo 37 . In agreement with the increased PGE 2 metabolite levels found with vibration in our study, several in vitro studies of cultured osteoblast-like cells have shown vibration to increase COX-2 expression 16, 38 . However, it is unclear in our study to what extent bone cells versus cell types from other tissues are responding to the WBV to cause the elevated plasma PGE 2 metabolite levels found.
The lack of a significant increase in cartilage thickness in the vibrated animals compared to the controls contradicts previously reported work that vibration training can improve cartilage thickness during bed-rest immobilization 18 . From our preliminary analysis, the greater cartilage thickness observed with the vibration groups does not appear to be due to a repair response to damage as evidenced by the similar histopathology scores found in the vibrated and control groups. Future assessment of the mechanical properties of the cartilage and subchondral bone in response to vibration may be helpful in determining the nature of the changes resulting in cartilage thickening with vibration exposure. In contrast to our findings in the rat, recent in vivo work has demonstrated that WBV can induce degenerative changes in knee cartilage in the CD-1 mouse while no degenerative changes in knee cartilage were observed in the C57BL/6 mouse 20, 21 . In addition, WBV has been reported to accelerate cartilage degeneration induced by anterior cruciate ligament transection in the rat, suggesting the knee joint's response to WBV may be dependent on any pre-existing knee pathology 39 . A limitation to our study was that our work was confined to the femur based on the clinical significance of fractures to this skeletal site. We did not include micro-CT measurements in our study as we wanted to focus on biomechanical evaluations which we thought would be more functionally significant. A consideration in interpreting our study is that an osseointegration implantation surgery was performed as another component to this study and that this surgery may induce an inflammatory response that might influence some of our evaluation parameters.
Notably, the lack of a clearly optimal amplitude for this therapy is not altogether an adverse finding. These findings suggest that low amplitudes of vibration may be as effective as greater amplitudes for producing bone changes. Lower amplitude vibration therapy is likely to be better tolerated in clinical use, and may have better patient adherence and possibly a better safety profile compared to larger amplitudes of vibration 40 . Our findings show that under the conditions of our study there is no definitive optimal acceleration amplitude for achieving improvements in bone mechanical properties with WBV, and that these improvements are confined to isolated cancellous bone regions over a five-week treatment period. 
